ABSTRACT: Calmodulin (CaM), the prototypical calcium sensing protein in eukaryotes, comprises two domains separated by a short flexible linker, which allows CaM to assume a wide range of extended and compact conformations. Here we use NMR relaxation measurements to explore the role of the linker in CaM function and dynamics. Using paramagnetic relaxation enhancement (PRE) measurements, we examine the effect of changes in the length and rigidity of the linker on the transient association between the two domains of Ca 2+ -bound CaM (CaM-4Ca 2+ ). We observe that transient interdomain association, represented by an effective molarity (M eff ), is maximal for a linker extended by one residue from the wild-type length and decreases for lengths longer or shorter than that. The results can be quantitatively rationalized using a simplified model of a random coil whose two ends must be a specific distance apart for an interaction to occur. ) adopts a rigid, compact structure when bound to target peptides, 3,4 but assumes a more flexible, extended conformation in the absence of peptide, 5 with its two domains tumbling semi-independently of one another.
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ABSTRACT: Calmodulin (CaM), the prototypical calcium sensing protein in eukaryotes, comprises two domains separated by a short flexible linker, which allows CaM to assume a wide range of extended and compact conformations. Here we use NMR relaxation measurements to explore the role of the linker in CaM function and dynamics. Using paramagnetic relaxation enhancement (PRE) measurements, we examine the effect of changes in the length and rigidity of the linker on the transient association between the two domains of Ca 2+ -bound CaM (CaM-4Ca 2+ ). We observe that transient interdomain association, represented by an effective molarity (M eff ), is maximal for a linker extended by one residue from the wild-type length and decreases for lengths longer or shorter than that. The results can be quantitatively rationalized using a simplified model of a random coil whose two ends must be a specific distance apart for an interaction to occur. The results correlate well with the affinity of CaM-4Ca 2+ for a target peptide, suggesting that the transient compact states adopted by 2+ in the absence of peptide play a direct role in facilitating target binding. I ntrinsically unstructured regions are found throughout the proteome, where they perform myriad functions, including serving as flexible linkers between structured protein domains. The primary calcium-sensing protein in eukaryotes, calmodulin (CaM), comprises two domains connected by a flexible linker. Each domain contains two Ca 2+ -binding sites and undergoes a local structural rearrangement upon binding Ca 2+ , exposing a hydrophobic peptide-binding patch within each; this forms the basis of Ca 2+ signaling within the cell. 1 CaM displays remarkable plasticity, including the adoption of a wide range of structures over the course of its biological cycle and the ability to bind hundreds of unique peptide sequences.
2 Ca 2+ -bound CaM ) adopts a rigid, compact structure when bound to target peptides, 3, 4 but assumes a more flexible, extended conformation in the absence of peptide, 5 with its two domains tumbling semi-independently of one another. 6 Although flexible linkers often comprise regions of lower sequence complexity and conservation than more rigid protein segments, the CaM linker is highly conserved, and its length is invariant (Supporting Information [SI] Figure S1 ). Thus, we sought to elucidate how the length and flexibility of the linker influence the biophysical and biological properties of CaM4Ca 2+ . We made a range of mutations in the central linker (SI Figure S2 ) to change its length, including deletion of the central residue (Thr79) to decrease its length by one residue (Δn = −1) and insertion of 1 to 8 glycine residues between Asp78 and Thr79 to lengthen it (Δn = +1 to +8). We also replaced the five residues of the linker (Lys77 to Ser81) by five alanines ("AAAAA")to make a more rigid linkeror by five glycine residues ("GGGGG")to replace the linker by a different flexible sequence. Measurements were also made on CaM with the wild-type (WT) linker, as well as on the isolated N-terminal (residues 1−76) and C-terminal (residues 81−148) domains.
We measured 15 N T 1 and T 2 values for several linker mutants and calculated an estimated effective correlation time (τ c ) for each domain (SI Table S1 ). As seen in Figure 1 , τ c for CaM4Ca 2+ displays a clear trend, decreasing with increasing linker length. The more rigid AAAAA mutant exhibits even higher τ c values than the −1 mutant, while the GGGGG mutant exhibits τ c values similar to the +1 mutant (SI Table S1 We previously demonstrated that, in the absence of target peptide, CaM-4Ca 2+ samples a wide range of conformational space, including a small population of states (5−10%) where the two domains are in close contact; some of these conformations resemble the peptide-bound structure and may play a direct role in target peptide binding.
10 Such sparsely populated states are invisible to conventional structural biology techniques, but they can be directly probed using paramagnetic relaxation enhancement (PRE).
11 Because CaM-4Ca 2+ interdomain motion takes place in the fast exchange regime on the PRE time scale and because the distances between the domains are shorter in the minor species than in the major one, the footprint of these minor compact states are observed in the PRE profile of the major species of CaM-4Ca
2+
. 10 The exquisite sensitivity of the PRE arises from the large magnetic moment of the unpaired electron and the ⟨r −6 ⟩ dependence of the transverse PRE rate (Γ 2 ), resulting in extremely large Γ 2 values at short distances.
11
Due to their unique ability to unlock these otherwise invisible states, we have used PREs as a direct measure of transient interdomain association in CaM-4Ca
2+
. CaM was tagged with the paramagnetic nitroxide spin label MTSL at position 128 (as this position gave the largest interdomain PREs 10 ), and PREs were measured for CaM-4Ca 2+ with various linker mutations. PRE data for both interdomain PREs (originating from the tag in the C-terminal domain and observed on protons in the N-terminal domain) and intradomain PREs (originating from and measured on the Cterminal domain) were obtained. The intradomain PREs show the same trend as τ c , increasing when the linker is shortened and decreasing when it is lengthened (Figure 2 ). In contrast, the interdomain PREs show a far more interesting trend. The interdomain PREs decrease when the linker is shortened by one residue and increase when the linker is lengthened by one residue; however, further increases in linker length show a general trend of decreasing interdomain PREs (Figure 2) . (This trend is not completely smooth, as the +3 and +4 linkers give larger interdomain PREs than the +2 linker.) The equivalent PREs further decrease for a mixture of the isolated N-and Cterminal domains. The AAAAA mutation caused a marked decrease in interdomain PREs, indicating a more rigid linker, whereas the GGGGG mutation caused only a slight increase in interdomain PREs, probably because the WT linker already behaves as a random coil (SI Table S1 ).
To derive biophysical meaning from the above results, we converted the interdomain PREs into values of effective molarity (M eff ) and compared these to values of effective concentration (conc eff ) calculated from a theoretical model. The full details of this procedure, which follows the framework described by Krishnamurthy et al., 12 are described in SI. M eff is a measure of the enhanced interdomain association brought about by connecting the two domains by a linker and is given by:
where Γ 2 tot is the total interdomain PRE (intermolecular + intramolecular) observed for CaM-4Ca 2+ with a particular linker, and Γ 2 ind is the intermolecular PRE observed between the N-and C-terminal domains of CaM in different molecules. M ind is the concentration of CaM (always 0.3 mM in this study). The PREs observed for CaM-4Ca 2+ arise from both inter-and intramolecular interactions (SI Figure S3 ), which we assume are of the same nature on the basis of the correlation of the PREs (Figure 2 and SI Table S2 ).
10 By definition, M eff follows the same trend as the interdomain PREs, first increasing to a maximum value of 1.47 mM at Δn = +1 and then gradually decreasing to 0 mM (for separate domains without a linker).
The empirical M eff values were fit to an equation describing the effective concentration, conc eff , of two points at the ends of indicates experiments performed on a mixture of the separate N-and C-domains without a linker (i.e., approximating CaM with an infinitely long linker). In each case, the slope of a best-fit line through the origin is given (red). The uncertainties in the values of the slope m are less than 7% in all cases except for those for the individual domains (SI Table S2 ). A dashed line corresponding to a slope of m = 1 is also displayed for reference. The magnitude of the intradomain PREs is inversely related to linker length, as longer linkers lead to faster tumbling domains (Figure 1) . Interdomain PREs display a more complicated behavior. a random coil, where an interaction only occurs when they are separated by a specific distance d (Figure 3 and SI Figure S4 ):
where N A is Avogadro's number and p is a constant that takes into account both the excluded volume occupied by the protein and the orientational requirements of the interaction. The rootmean-square distance (rmsd) between the ends of the random coil is given by:
where l is the length of each unit of the chain (fixed to 3.8 Å for the length of the backbone of one amino acid residue). The number of units in the WT linker is given by n 0 (i.e., the linker of a given molecule contains n = n 0 + Δn units). The characteristic ratio C is a measure of the rigidity of the linker and is fixed here to 2, the value for polyglycine. 13 The preexponential term of eq 2 ( Figure 3 , green line) describes the inverse cube dependence of conc eff on linker length. The exponential term (Figure 3 , blue line) describes the requirement that the two ends of the random coil only interact at a distance d, causing a steep increase in conc eff as the linker length increases from zero, leveling off as it becomes much longer than d.
We obtained a reasonable fit of the PRE-derived M eff data to eq 2 ( Figure 3 , red line) with p = 0.016 ± 0.002, d = 11.3 ± 0.5 Å, and n 0 = 3.05 ± 0.19. The constant p acts primarily as a scaling factor, but its small value (≪1) likely represents the requirement of the two domains to be precisely oriented to interact (p = 1 if the ends of the linker are two discrete points with no orientational dependence). 12 The value of d represents the distance between the ends of the random-coil linker (and not, for example, the distance between the interacting domains). Since the value of d comes from a simplified model, one must be cautious about overinterpreting the result. However, the best-fit value of d is very similar to the distance of 11.5 Å between the backbone nitrogen atom of Lys77 and the carbonyl carbon atom of Ser81 (a reasonable interpretation for the two ends of the linker) in the NMR structure of CaM4Ca 2+ bound to the skeletal muscle MLCK peptide (PDB 2BBM), 3 although a shorter distance (7.3 Å) is observed in the crystal structure of CaM-4Ca 2+ with the smooth muscle MLCK peptide (PDB 1CDL). 4 That n 0 was best fit to ∼3, compared with the length of five residues observed by NMR, 6 could indicate that the linker is not as flexible as modeled (i.e., C < 2), that only the three central residues (Asp78, Thr79, Asp80) are totally flexible, or that additional factors are missing from the simple model. Regardless, the goodness of the fit and the reasonable values of the fitted parameters indicate that, despite its high level of simplicity, the random-coil model employed here describes the behavior of the CaM linker reasonably well.
To explore the role of transient CaM-4Ca 2+ interdomain association further, we measured the affinity of wild-type and linker mutant CaM-4Ca 2+ for the MLCK peptide using fluorescence anisotropy. These measurements were conducted under conditions of slightly higher temperature (37°C vs 27°C
), lower pH (5.5 vs 6.5), and lower salt (0 mM vs 100 mM KCl) compared with the NMR conditions to lower the affinity from an equilibrium dissociation constant (K D ) of 10−30 pM (SI Table S1 ) to a K D of ∼400 pM (Table 1 , SI Figure S5 ), thereby permitting more accurate and reliable estimation of K D values. The peptide contained an N-terminal 5-carboxy-Xrhodamine (5ROX) fluorescent label for greater sensitivity over intrinsic tryptophan fluorescence. Peptide affinity exhibited the same dependence on linker length as the interdomain PREs; the maximum affinity (smallest K D ) was measured for the +1 linker. Although the changes in affinity were small, they agree well with the interdomain PRE results.
The decrease in peptide affinity upon shortening the CaM linker agrees with previous findings. In one study, 14 the activity of CaM-dependent enzymes was tested in the presence of CaM-4Ca 2+ with deletions of Glu84 (Δn = −1), Glu83-Glu84 (−2), and Ser81-Glu84 (−4) (deletions adjacent to, but not within, the flexible linker). These mutations caused an increase in the Michaelis−Menten constant K M (i.e., a decrease in CaM activity) for the three enzyme variants tested; the effect ranged from 2-to 7-fold. In another study, 15 deletions of 2 or 3 residues within the flexible linker increased the K M of some enzymes 2−18-fold, while another was unaffected. Larger deletions of 5 and 8 residues caused much larger increases in K M , as well as significant decreases in maximum activity.
Our results, however, go further, demonstrating biphasic behavior. A small lengthening of the linker increases transient interdomain association, but this interaction progressively 2+ interdomain association on linker length can be largely explained by a simple random coil model. Empirical values of effective molarity (M eff , circles) were calculated from interdomain PRE data for CaM-4Ca 2+ with different linker lengths. These data were fit to eq 2, describing the theoretical values of effective concentration (conc eff ) of two points at the end of a random coil linker, where the interaction only occurs when the two points are separated by a defined distance. The best-fit line is shown in red (units of mM). A graph of the pre-exponential portion of the equation is shown in green (units of mM), and the exponential portion is shown in blue (dimensionless). The red line is the product of the green and blue lines. 
Experimental Procedures
Protein production, paramagnetic tagging, mutagenesis, and sample preparation The full-length 148-residue human calmodulin (CaM) protein, and its N-(residues 1-76) and C-(residues 81-148) terminal domains were expressed and purified as described previously for full-length CaM. S1 Proteins were either uniformly 2 H/ 13 C/ 15 N-labeled or at natural isotopic abundance. After purification, CaM was exchanged into the "NMR buffer", which consisted of 5% D 2 O/95% H 2 O, 8 mM CaCl 2 , 100 mM KCl, 1× Roche cOmplete Protease Inhibitor, 0.02% sodium azide, and 25 mM HEPES, pH 6.5. Samples were concentrated to 0.3 mM with Amicon Ultra Centrifugal Filter Units (3 kDa molecular weight cutoff). All NMR experiments were conducted in "NMR buffer". Fluorescence experiments were conducted in the "fluorescence buffer", which consisted of 100% H 2 O, 3 mM CaCl 2 , and 10 mM MES, pH 5.5. For fluorescence experiments, concentrated stocks of CaM in NMR buffer were diluted into the "fluorescence buffer". Concentrations were determined by absorbance at 280 nm (for CaM 1-148 and 81-148, ε 280 = 2,980), except for CaM 1-76, which contains no groups that absorb at 280 nm. For the latter construct, concentrations mere measured by absorbance at 205 nm, using a molar absorptivity (extinction coefficient) of ε 205 = 266,150 M -1 ·cm -1 , which was calculated from the amino acid sequence as previously described, using the server at http://spin.niddk.nih.gov/clore.
S2
All mutations (including those in the CaM linker and the A128C mutation in the C-terminal domain for spin labeling) were made using the QuikChange Site-Directed Mutagenesis Kit (Agilent). CaM A128C was paramagnetically labeled by the addition of a 10-fold excess of the nitroxide spin-label (1-Oxyl-2,2,5,5-tetramethyl-δ-3-pyrroline-3-methyl) methanethiosulfonate ("MTSL"; Toronto Research Chemicals) to ~200 µM CaM. The reaction was allowed to proceed in the dark for 2 hours and tested for completion by mass spectrometry. The diamagnetic control was labeled by the same method using (1-Acetoxy-2,2,5,5-tetramethyl-δ-3-pyrroline-3-methyl) methanethiosulfonate (Toronto Research Chemicals). Unreacted spin-label was removed with a HiPrep 26/10 Desalting Column (GE Life Sciences) as CaM was exchanged into "NMR buffer".
For NMR experiments on peptide-bound CaM (CaM-4Ca 2+ -MLCK), CaM was mixed with 1.2 equivalents of target peptide (skeletal muscle myosin light chain kinase, skMLCK, M13 peptide; commercially synthesized by Anaspec; KRRWKKNFIAVSAANRFKKISSSGAL). Fluorescence experiments were conducted on an M13 peptide with a 5-carboxy-X-rhodamine (5ROX) label conjugated to its N-terminus (custom-synthesized by Anaspec).
NMR spectroscopy
NMR experiments were performed on uniformly 2 H/ 13 C/ 15 N-labeled CaM-4Ca 2+ , including wild-type (WT) and mutant constructs. Data were recorded at 27°C on a Bruker 600 MHz spectrometer equipped with a triple resonance z-gradient cryoprobe. Data were processed using NMRPipe S3 and analyzed with the programs XIPP (in-house software written by D.S. Garrett) or Sparky (www.cgl.ucsf.edu/home/sparky).
Transverse 1 H N -Γ 2 PRE rates were obtained from the differences in the transverse 1 H N -R 2 relaxation rates between the paramagnetic and diamagnetic samples S4 using a 2D TROSY pulse scheme with a variable delay performed at the end of the pulse sequence, thus measuring the TROSY component of 1 H N -R 2 . S1 Two time points (separated by 20 ms) were used for the 1 H N -R 2 measurements, and the errors in the 1 H N -Γ 2 PRE rates were calculated from spectral noise as described previously. S5 Samples for PRE experiments contained 0.3 mM 2 H/ 13 C/ 15 N-labeled CaM-4Ca 2+ , tagged with a spin labeled or diamagnetic control tag at A128C. Experiments were also performed to measure intermolecular PREs; these measurements were made on 0.3 mM 2 H/ 13 C/ 15 N-labeled CaM (1-76 or 1-148) with no attached spin label in the presence of 0.3 mM CaM (81-148 or 1-148, respectively) at natural isotopic abundance, spin-labeled at A128C. In this manuscript, the PREs for a given molecule are reported as the ratio of the PREs for that molecule to those of the WT. This ratio was determined by plotting the PREs of the molecule in question on the y-axis, plotting the PREs of the WT on the x-axis, and taking the slope of a best-fit straight line through the data.
15 N T 1 and T 1ρ were measured with a TROSY readout using the pulse sequences described by Lakomek et al. S6 on 0.3 mM 2 H/ 13 C/ 15 N-labeled CaM-4Ca 2+ (tagged at A128C with the diamagnetic control label, unless otherwise stated). Experiments were performed with 8 time points spanning from 0 to ~1.3 times T 1 or T 1ρ . T 1 and T 1ρ values were calculated for each residue by fitting peak intensities to a single exponential decay. T 2 values were calculated from T 1 and T 1ρ using the equation:
where the angle θ is given by:
where ω 1 is the strength of the spin-lock field (1 kHz in this study) and δω is the difference in frequency (in the 15 N dimension, in Hz) between the peak and the transmitter frequency. Overall rotational correlation times (τ c ) were estimated using the equation:
where τ c is in units of seconds and ω N is the 15 N frequency in radians·s -1 . The value of T 1 /T 2 reported for each domain in Table S1 is the average for residues that are not in flexible loops or linkers and that do not exhibit T 1 or T 2 values outside of 1 standard deviation of the average for each domain. The value of τ c for each domain was determined by optimizing a single value of τ c that best fits all selected T 1 /T 2 ratios within a given domain using Eq. S3. The uncertainties in the optimized values of τ c are given in Table S1 .
Fitting CaM linker data to a random coil model
To advance our understanding of the role of the CaM linker, a theoretical framework was applied to the analysis of the interdomain PRE data, interpreting this data through values of effective molarity (M eff ) and effective concentration (conc eff ). Specifically, we applied a framework based on a random coil model described by Krishnamurthy et al. S7 To accomplish this, we converted the experimental interdomain PRE data for each linker mutant into values of M eff . For each mutant, we took the ratio of the measured interdomain PREs of the mutant to those of WT CaM (i.e. the slope of the red lines in Figure 2) ; in this study, the term "PREs" generally refers to this ratio as opposed to the raw PRE data. We describe linker length using the variable Δn, which corresponds to the number of residues added (positive) or removed (negative) from the WT linker (Δn = 0 for the WT linker). M eff relates the strength of the intramolecular interaction for a given linker to that of the intermolecular interaction and is defined by the ratio of equilibrium constants:
K D intermol is the bimolecular equilibrium constant for the intermolecular interaction, given in concentration units:
K D intramol is the unimolecular equilibrium constant for the intramolecular interaction, which is dimensionless:
Here, we consider three different populations of CaM-4Ca 2+ in the absence of peptide ( Figure  S3 ). Population 1, the major population, comprises the conformations where the two domains are tumbling essentially independently of one another (and bound only by the linker, if present). Population 2 is a minor state that comprises the two linked domains interacting with one another. For the WT linker, we previously demonstrated that population 2 comprises 5-10% of the total population. S1 The PREs from population 2 (interdomain, intramolecular) are denoted as ! 2 intramol . Population 3 represents an even smaller population (~1-2%) of domains interacting intermolecularly. The PREs from Population 3 (interdomain, intermolecular) are denoted as ! 2 intermol . Because the interdomain PREs in CaM display a similar profile to the intermolecular PREs (Figure 2) , S1 we can make the assumption that they are both due to the same type of interaction between an N-and C-terminal domain. Because these processes take place on a timescale that is fast on the PRE time scale, the total PRE ( ! 2 tot ) for a given nucleus in the Nterminal domain when the C-terminal domain is tagged with a paramagnetic group is the sum of the intramolecular interdomain PREs and the intermolecular PREs:
! 2 tot and ! 2 intramol are functions of Δn. The value of ! 2 intermol , which is derived in this study from the interdomain PREs measured between isolated domains, is constant and does not depend on Δn. This trend will be the same for other variables and constants in this study; all "intramol" and "tot" variables are dependent on Δn, whereas "intermol" will always signify a constant that is not affected by Δn. ! 2 tot and ! 2 intermol are both dependent on the concentration of the spin-labeled domain (M ind ), which in this study is kept constant at 0.3 mM to simplify analysis and make all results directly comparable. ! 2 intramol , on the other hand, is independent of protein concentration. We make the assumption that the populations of the transiently associated states are small enough that they do not directly compete with one another. Thus, for a given linker, the ratio of the intramolecular PREs to the universal intermolecular PREs is equal to the ratio of M eff to M ind :
Combining Eq. S7 and S8, we can calculate M eff for any CaM linker mutant as:
Eq. S9 is presented in the main text as Eq. 1. These empirical values of M eff can then be compared to theoretical values of effective concentration, conc eff , calculated using a random coil model for the CaM linker ( Figure S4) ; conc eff is a theoretical term related to the probability of the two ends of a molecule coming together. S7 In this study, M eff and conc eff are treated as functionally equivalent, with the distinction being that M eff is an empirical observation and conc eff is a theoretical value calculated from a random coil model. Here we use a random coil model described by Krishnamurthy et al. S7 for the conc eff of two points at opposite ends of random-coil linker that only interact when located at a defined distance d from each other. An illustration of this model is shown in Figure S4A . The alternative representation in Figure S4B shows how this model qualitatively relates to CaM. As this model here is intended to be a simplistic representation of CaM and its flexible linker, the values of the fitted parameters should be taken at face value. Using this model, conc eff is given by the following equation, which is also presented as Eq. 2 in the main text:
where N A is Avogadro's number (6.0221×10 23 mol -1 ), and p is a dimensionless constant that takes into account both the excluded volume occupied by the protein domain and the orientational requirement of the interdomain interaction. The root-mean-square distance (rmsd) between ends of the random coil is given by:
where l is the length of each unit of the chain (here fixed at 3.8 Å for the average length of the backbone of one amino acid residue). The number of units in the WT linker is given by n 0 (i.e. the linker of a given molecule contains n = n 0 + Δn units). The constant C is the characteristic ratio of a random-coil polymer:
C is described in detail by Cantor and Schimmel. S8 In brief, C is a measure of the stiffness of the polymer, and C = 1 for a totally unconstrained random-coil polymer. In a biological polymer, however, C is greater than 1 and is dependent on n for small values of n, reaching an nindependent limit of C ∞ at large values of n. A polyglycine chain reaches C ∞ = 1.9-2.1 at n ~ 6. A polyalanine chain, however, exhibits a larger value of C for all values of n, but only approaches C ∞ = 9.0 near n ~ 80. For our purposes here, we used a fixed value of C = 2, roughly corresponding to the value expected for a polyglycine chain. (For example, a value of C = 1.9 is expected for a polyglycine chain of 5 units; even for a much stiffer polyalanine chain of 5 residues, C is only increased to 3.4.) Thus, C = 2 was deemed an appropriate value for this system.
The pre-exponential portion of Eq. S10 describes the inverse cube relationship between conc eff and the rmsd between the two ends of the linker. This is strictly based on the threedimensional space sampled by the two ends of the linker, and it predicts a decreasing conc eff as the linker is lengthened. Depending on the desired units of concentration and the units of length used, a conversion factor may need to be included. The exponential portion of Eq. S10, on the other hand, describes the requirement of the interaction on the two ends of the linker being a specific distance d apart. Note that this distance d is not the distance between the surfaces of the two domains or the centers of mass of the two domains, but the distance between the ends of the linker when the two domains are in contact.
S5
Eq. S11 was fit to the empirical data (M eff vs. Δn), keeping l and C constant, and optimizing the values of d, p, and n 0 (Figure 3 ; fit in red, pre-exponential portion in green, exponential portion in blue). The fit was performed by minimizing the difference between the calculated conc eff values and the empirical M eff values for each value of Δn. This fit was performed in MATLAB, and errors of the fitted parameters were estimated using Monte Carlo analysis, assuming an error in M eff of 10%.
Fluorescence experiments
Fluorescence experiments were carried out at 37°C using a Jobin Ybon FluoroMax-3 fluorometer equipped with a Peltier temperature control unit. A 1 cm × 1 cm quartz cuvette was used (Starna Cells, Inc.). The fluorescence anisotropy of 5ROX-MLCK was monitored with excitation at 583 nm and emission at 607 nm. Measurements were acquired on 1 nM 5ROX-MLCK in the presence of 0-1 nM CaM 1-148 or 0-1.3 µM CaM 1-76 + CaM 81-148 (for the separated domains, a stock containing an equal concentration of the two domains was made and titrated into the fluorescent peptide).
Data were analyzed by fitting the fluorescence anisotropy versus CaM concentration to the following equation: (S13) where A is the measured fluorescence anisotropy at each point (the dependent variable in the fitting); A max the anisotropy of the MLCK peptide fully saturated with CaM; A min the anisotropy of the free 5ROX-MLCK peptide; [F] tot the total (bound + unbound) concentration of the MLCK peptide ("F" for "fluorescent"); [U] tot the total (bound + unbound) concentration of CaM at each point (the independent variable in the fitting; "U" for "unseen"); and K D the equilibrium dissociation constant, defined as:
Although this is the true K D in most cases, for the titration of the MLCK peptide with the two separated domains this is an apparent K D describing the concentration at half saturation. Data were fit using OriginPro 8. The conditions used for the fluorescence experiments (low salt, low pH, high temperature) were chosen to weaken the CaM/target interaction to assist in accurate affinity measurement. Under the conditions used for NMR, the K D of WT CaM-4Ca 2+ for 5ROX-M13 is ~ 10-30 pM (Table S1 ), but it was difficult to determine an accurate value within the sensitivity limits of the experiment. The temperature was increased from 27ºC to 37ºC, which, due to the fact that the interaction is highly exothermic, S1 was expected to decrease the affinity by a factor of ~2. In addition, based on results found in the literature on similar peptides, S9,10 we predicted that lowering the pH from 6.5 to 5.5 and decreasing the ionic strength from [KCl] = 200 mM to 100 mM would decrease the affinity by approximately 10 to 100 fold. The ~20-to-40-fold reduction in affinity (to K D ~ 400 pM) observed under these conditions was thus within the expected range. Despite the achieved decrease in affinity, low concentrations of CaM and 5ROX-M13 were still required. To prevent protein or peptide adsorption in the dilute samples, all dilutions were performed in Eppendorf Protein LoBind Tubes. Figure S1 . Alignment of a selection of calmodulin (CaM) sequences. Amino acid sequences of CaM from an assortment of organisms were aligned using the Clustal Omega S11 web server on the EMBL-EBI website. S12 Sequences were sorted and displayed in Jalview. S13 Vertebrate sequences are located at the top and yeast sequences at the bottom. Others are found in between. Sequences are colored by amino acid type and identity. The UniProt S14 accession number and entry name is given for each. The full UniProt entry is displayed for each, including the N-terminal methionine, which does not appear in the final processed protein sequence; thus, the numbering differs from that used in the rest of this study (and the numbers at the top correspond to the numbering of the longest sequence). The five-residue flexible linker is indicated by a black bar (beginning with number 80, but corresponding to residues 77-81 in the final processed human sequence). Note that the sequence of CaM is highly conserved, including that of the linker. 2+ . CaM-4Ca 2+ exists as an ensemble of states in equilibrium between three different populations. The panels on the left (A, C, E) show the populations for two CaM domains connected by a flexible linker (i.e. the natural state of CaM), and the panels on the right (B, D, F) show the populations for the isolated domains of CaM when the linker has been removed (i.e. an artificial situation). In population 1 (A, B) , which is the major state, the two domains are dissociated from one another. In population 2 (C, D) and 3 (E, F), the N-and C-terminal domains are associated with each other. These are sparsely populated minor states (~5-10% for population 2; ~1-2% for population 3). Panel D is empty because intramolecular association is not possible for isolated domains. Although Panels C, E, and F, show different types of association between domains, it is assumed in this study that the interface between the N-and C-terminal domains is the same in each case, based on our previous results S1 and the high correlation between intra-and intermolecular PREs (Figure 2 ), although panel E indicates that the intermolecular complex could take various forms. The extended dumbbell structure of CaM-4Ca 2+ (PDB 1CLL) S15 is shown in panel A, as a representation of one of the conformations that might be sampled in population 1. The compact structure of CaM4Ca 2+ -MLCK (PDB 1CDL) S16 is shown in panel C, as an approximation of the interdomain conformation in population 2. The flexible linker is highlighted in magenta. S13   Table S2 . Error analysis for PRE correlation plots a The intradomain PREs (measured in the C-terminal domain for CaM paramagnetically tagged in the Cterminal domain) for CaM with the indicated linker were plotted on the y-axis, and those of CaM with a WT linker were plotted on the x-axis. The data were fit to a straight line through the origin, and the slope (m; ± 1 s.d.) and the correlation coefficient (R) are reported here. b The same procedure as in footnote a was performed for interdomain PREs (measured in the N-terminal domain for CaM paramagnetically tagged in the C-terminal domain). 
